Introduction
Precursor chemistry plays a crucial role in atomic layer deposition (ALD) which is a preferred method for the fabrication of high quality thin films on complex structures. 1 The properties of ALD precursors can in principle be tuned by ligand engineering to suit the demands of the process. Nevertheless, it is not so trivial to achieve this and therefore a thorough understanding of the chemistry is needed. Until now, β-diketonates, amides, alkyls, halides, and cyclopentadienyls have been predominantly used for the ALD of functional metal oxides. 2 From the library of standard Zn precursors available, the freedom to tune the precursor properties is not really high. By selecting ketoiminates as a ligand system, the choice to tune the physico-chemical properties is enhanced especially by varying the ligand moieties. 3 β-Diketonates(I), β-diketiminates (II) and β-ketoiminates(III) (Fig. 1 ) are known as chelating ligands for metals throughout the complete periodic table of the elements. As a general observation, metal oxygen bonds are stronger than metal nitrogen bonds and therefore the respective metal complexes tend to be more stable when coordinated to β-diketonates compared to β-diketiminates. A compromise in reactivity and stability between these two ligands is the β-ketoiminate. The bidentate mixed oxygen and nitrogen system can be thought of as a mix of the generally stable metal β-diketonates (e.g. M(acac) 2 acac = acetylacetone) and the thermally unstable but highly reactive metal β-diketiminates. The β-ketoiminate complexes should be claim the suitability of Zn-ketoiminates, where R = EtN(Me) 2 , for the application as CVD precursors. Surprisingly, the thermal properties of Zn-ketoiminates are significantly different, although the variation between these complexes remains only minor. More importantly, the performance of Znketoiminates in the deposition process changes. Complexes bearing ligands with R = alkyl form carbon rich zinc oxide films 9 while those with a methoxy substituted side chain can grow films with minimal carbon incorporation. 8 In order to 2 ], 8 and bis(N-( n propyl)-2-penten-2-on-4-iminate) zinc (II) [Zn( n pki) 2 ] 9 were synthesized. The solid state structures were analysed and correlated with the thermal properties in solution and as solids. After thorough characterization we applied the most promising compound as an ALD precursor for the deposition of ZnO with water as an oxidation source. Zinc oxide ALD precursors are few and far between and those which have been synthesised include Zn acetate, 11 Zn metal 12 and ZnCl 2 . 12 This scarcity is the result of the ALD of ZnO being dominated by zinc alkyls, namely, dimethyl 13 and diethyl zinc 14 (DEZ) which not only provide very high growth rates (∼1.8 Å per cycle) but also pose a safety hazard in that they are immensely pyrophoric. The challenge with DEZ is that its thermal window tends to extend from around 110-170°C or thereabouts 15 so it is not reliable to provide the means for a stable high temperature ALD process above 200°C. Processes can be performed outside of this window but the thickness of the layer is then subjected to temperature fluctuations which can result in condensation or reactivity limited depositions at lower temperatures and decomposition or desorption at higher temperatures. This makes the incorporation of organic molecules in a molecular layer deposition (MLD) process for hybrid systems and metal organic framework (MOF) thin films, which can be grown in the gaseous phase using the aforementioned approach, 16 rather difficult. It also makes the implementation of a consistent doping process for ternary systems problematic. Recently there has been an increased tendency in the literature to identify materials of both inorganic and organic nature using zinc oxide as the source of inorganic material. 17 For these hybrid systems, compatible ALD windows of the ZnO inorganic and organic systems are essential and until now diethyl zinc has been the precursor of choice in most of these applications. 18 The problem with this is that common organic molecules include carboxylic acids, other organic anions such as phosphonates and sulfonates as well as aromatic amines. 19 Due to the robust, solid and aromatic nature of these molecules, they tend to possess rather high melting points & boiling points (∼250°C), limiting their integration in both MLD and a gaseous MOF synthesis process with zinc oxide. Therefore it can be seen that as volatilisation of the organic part increases, diethyl zinc may lead to problems at higher temperatures. The instability of DEZ at high temperatures has been shown in the zincone MLD process carried out by Yoon et al. 20 whereby, along with double reactions of ethylene glycol, the diffusion of DEZ is partly responsible for a decrease in the growth rate because at higher temperatures less DEZ may diffuse into the film and more DEZ may desorb at a faster rate. Herein, we report on the assessment of the structural and thermal properties of a range of new and known zinc ketoiminate precursors. We also establish a precursor that is able to grow polycrystalline thin films of ZnO with good growth rates (∼1.3 Å per cycle) at temperatures in the range from 175-300°C. This precursor will extend the library of known zinc precursors as well as enlarge the cross-over window of ternary and quaternary systems for doping applications, while also increasing the potential variety of organic co-reactant molecules for MLD 21 and gaseous MOF synthesis. 22 It provides a solution to the known high temperature inconsistency of DEZ by allowing a stable ZnO ALD process to be carried out at high temperatures with promising growth rates.
Results and discussion

Synthesis
The synthesis of ketoimine ligands was realised by a condensation reaction of acetylacetone, H(acac), with the respective primary amines in diethylether and subsequent distillation. Thermal properties and solubility
To be considered as precursors for ALD gas phase depositions, compounds require a certain level of thermal and chemical stability in order to guarantee that surface reactions, as opposed to decomposition, take place at the surface. In order to bring a precursor into the gas phase without decomposition and to ensure a constant flux of the molecule at a specific temperature, the thermal properties of the precursor need to be assessed. Therefore each complex underwent thermogravimetric (TG), isothermal-TG (iso-TG), differential thermal analysis (DTA) and melting point analyses. All compounds are relatively low melting solids with the exception of [Zn(epki) 2 ] which is liquid at room temperature. As can be seen from the . Only one enantiomer of each racemic mixture is depicted, respectively. Thermal ellipsoids are shown at 50% probability. Hydrogen atoms are omitted for clarity. 2 ] which has a broader mass loss at higher temperatures (170-305°C). A closer analysis of the melting points in Table 2 illustrates the effect that the functional group of the imine has on the overall thermal properties. Firstly, by looking at the influence of the chain length with identical functional species, it can be deduced that increasing the alkyl chain length was found to bring about a reduction of the melting point and generally an increase in the residual masses of the compounds. This can be observed for all compounds except the methoxy terminated species, as can be seen from Table 2 . Long and low branched alkyl chains tend to become highly mobile upon moving towards the liquid state which makes melting more entropically favoured. 25 sublimation behaviour as well as thermal stability of the precursors were also assessed by iso-TG experiments carried out at 130°C. As depicted in Fig. 3b , a linear weight loss was observed in each case highlighting that the compounds can sublime at the pre-programmed temperature with constant evaporation rates for an extended duration of time, except for [Zn(daeki) 2 ] and [Zn( n pki) 2 ]. A slight curve at the beginning of the measurement is indicative of partial decomposition. High volatilisation rates are also associated with these compounds. The sublimation rates are listed in the analysis data of Table 2 . The linear behaviour of the isothermal curves of the other precursors demonstrates that the complexes are capable of vaporising cleanly without the possibility of premature decomposition. The thermal stabilities of all ketoiminate complexes were further investigated by NMR decomposition experiments 26 whereby concentrated solutions of the compounds, sealed in heavy walled NMR tubes, were heated in an oven at 220°C for a long period of time. Intermittently, the compounds were cooled to room temperature and a 1 H NMR study was carried out. Through the comparison of the integral areas of the NMR peaks which are normalised to the solvent peak, the amount of undecomposed precursor was assessed. Using linear fits of the obtained curves, the half-life of the compound was calculated. The results for the [Zn(meki) 2 ] compound is taken here as a representative example in Fig. 4 . For the entire series of compounds, decompositional studies data are illustrated in Table 3 . The data illustrates that all zinc ketoiminates are thermally stable complexes, which is a prerequisite for good ALD precursors. The example, [Zn(meki) 2 ] shown here has a half-life of ∼11 days at 220°C and highlights that this particular compound is quite thermally resilient. See Fig. S1 -S6 (ESI †) for other spectra. Although, it must be noted that the method is solution based, it gives us a good idea of the general thermostability of the complex, through which we must infer that this provides an insight into how it will behave in the gas phase.
ZnO process development
The mix of a low melting point in conjunction with high volatility is a desirable combination for the implementation of a precursor for ALD. Therefore the deposition of ZnO thin films by ALD was studied using [Zn(eeki) 2 ] as the metal and water as the oxygen sources, respectively, over a temperature range of 150-300°C. This precursor has an intramolecular metal oxygen and an intramolecular metal nitrogen bond within the molecular framework and therefore shows great reactivity towards water under ambient conditions. As seen above, the thermostability of the compound is immensely high. One of the main aims of this work was to develop a water assisted ALD process for zinc oxide at high temperatures and so a series of experiments were designed to assess the characteristic features of ALD such as, the ALD window, self-saturated growth and the linearity. Fig. 5a shows the growth rate per cycle as a function of deposition temperature. An ALD window can be observed from T dep = 175-300°C with an average growth rate of ∼1.3 Å per cycle. Growth rates were minimal at low temperatures highlighting that the activation energy of the process was not sufficient to form a film as it was reactivity limited. Depositions were not carried out below 150°C as a result, while none were carried out over 300°C due to limitations imposed by the reactor. Depositions in this set of experiments were carried out using [Zn(eeki) 2 ] and H 2 O pulses of 4 s and 4 s, respectively, with purge lengths of 10 s each between pulses and 250 cycles in total. All films deposited were uniform and faint light brown in appearance. The broad window provides a means of lengthening the window for stable high temperature ALD processes and is the first zinc precursor to do so above 200°C with reasonable growth rates. This should be of interest for MLD processes as it widens the precursor cross-over window for organic molecules as well as dopants 27 for high temperature, ternary and quaternary systems. Fig. 5b shows a plot of the film thickness against the number of cycles. From the graph it is evident that the thickness increases linearly with the increasing number of cycles within the ALD window (225°C A similar result was obtained for water saturation but at 2 s as illustrated in Fig. 5d . A full list of the deposition parameters used in this work can be found in Table 4 . The crystallinity of the ALD grown ZnO thin films (thickness ∼30 nm) deposited on the Si(100) was analysed using grazing incidence X-ray diffraction (GI-XRD). As expected the deposition temperature plays a major role in the crystallisation of the films. Fig. 6 shows that all films were found to be polycrystalline at temperatures ranging from 175 to 300°C and were indexed according to the ZnO wurtzite structure (PDF no. 00-036-1451, zincite phase).
Intensities of the reflections are low due to the thickness of the films. No reflections were found at 150°C. For films grown at 175°C, only a single reflection at 34.4°is observed corres- ponding to the 002 orientation (c-axis) with minute satellite contributions from the encompassing 100 and 101 reflections at 31.8°and 36.3°, respectively. Upon increasing the temperature further to 200°C, there is a marked decrease in the 002 peak and a notable increase in the 101 reflection. Both reflections are of similar intensity and there is also a slight contribution from the a-axis 100 reflection. The decrease in the 002 signal continues with a further increase of the temperature to 225°C and 250°C where [100] and [101] become the dominant orientations. At higher temperatures again (275°C) we see a slight decrease of the 100 reflection combined with a minor resurgence of the 002 peak with 101 as the dominant reflection. Finally, at 300°C the 002 and 101 reflections are of similar intensity once again. There is also a weak contribution from the 102 reflection at 47.6°which increases modestly at higher temperatures. These orientations are in contrast to those made with diethyl zinc which have a strong emphasis on the a-axis between 160 and 200°C 28 and then increasing the temperature above 220°C switches the predominant orientation to the c-axis 29 which is also favoured at low deposition temperatures.
The chemical compositions of the films deposited at each temperature were investigated using Rutherford backscattering (RBS) and nuclear reaction analysis (NRA) experiments as illustrated in Fig. 7 . For all films measured, the zinc and the oxygen signals are evident apart from that of 150°C which shows a reduced signal due to low surface coverage. The metal to oxygen ratios in the ZnO films were obtained by fitting the RBS curves. Selected results of RBS/NRA have been shown in Table 5 . As is evident, the films are slightly oxygen rich with the ratio moving closer towards 1 : 1 at higher temperatures. See Table S2 (ESI †) for the full list of data. The films grown at lower temperatures tend to have a higher oxygen content. This was also observed by Guziewicz et al. 30 The carbon content in the films is moderately high, especially at lower temperatures, however it is unclear as to whether these contaminations were on the surface or in the films and therefore complimentary XPS measurements were carried out to devise a greater knowledge of the chemical composition at the surface. XPS analyses were carried out on selected ZnO films deposited at 175°C, 225°C and 275°C to further investigate the stoichiometry of the films. Fig. 8 shows the complete survey spectra before and after sputtering of the film deposited at 225°C. The samples were analysed 'as-introduced' and after one minute of sputtering. The composition and purity remain similar for the whole temperature range. The samples 'as introduced' contain anywhere between ∼18 and 25 at% of adventitious carbon depending on the temperature. Despite the relatively high carbon content on the surface, it is worth noting that the C 1s photoelectron signals were reduced to below the atomic percentage detection limit after 1 min Ar+ sputtering and all Zn/O ratios were calculated to be ∼1.08. Thus it is concluded that the bulk is practically free of carbon. Overall it can be stated that within the measurement uncertainty of both compositional analysis methods, the films were determined to be stoichiometric for zinc oxide (1 : 1). These observations, along with the absence of any nitrogen peaks, suggest a negligible incorporation of precursor residuals into the obtained thin films. As a consequence, we conclude that the applied precursor underwent clean reactions to ZnO under the processing conditions. The signal shapes and position of the Zn 2p3/2 and O 1s peaks indicate the presence of different species as displayed in Fig. 8(b) and (c), respectively, and are also in good agreement with the previous reports for ZnO. 31 The O 1s signal was composed of three distinct peaks at 530.1 eV, 531.4 eV, and 532.3 eV. The O 1s component at 530.1 eV corresponds to zinc oxide, the peak at 531.4 eV belongs to organic contaminants while the remaining signal at 532.3 eV is attributed to the hydroxyl groups of zinc hydroxide 32 . The Zn 2p3/2 signal was fitted with two components at 1021.7 eV and 1023.1 eV assigned to ZnO and Zn(OH) 2 , respectively. 33 In order for ZnO to be implemented for potential TCO applications such as, as a transparent electrode or for solar cell devices with aluminium, transmission values should be at least 80% to be feasible. 34 With this in mind the optical band gap of the as-deposited ZnO material was determined using UV-Vis spectroscopy. Fig. 9(a) illustrates the transmission plotted against the wavelength measurement while (b) shows the corresponding Tauc plot. As can be seen, the transmission of the sample is high (∼96%) and consequently the absorbance is low throughout the entire visible region. This highlights that the transmission value is eligible to be implemented in TCO applications. Interestingly, transmission values in this study are slightly higher than those reported in the literature (∼90%) which were grown using diethyl zinc and water and are of a similar thickness. 35 The band gap derived from the Tauc plot was calculated to be 3.29 eV which was found to be in accordance with the literature values according to Viezbicke et al.
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Conclusions
A series of zinc ketoiminates were molecularly engineered in order to optimise the physico-chemical properties of the ketoiminate precursor class, in terms of melting point, onset of volatilisation rate, volatilisation rate, reactivity and thermal stability. The influence of the functional groups at the imino side chain and thermostability properties were investigated as each precursor was assessed for their suitability as a precursor for gas phase depositions. In terms of use as an ALD precursor, the ethoxy species provided the best thermal properties with low melting points, reduced onsets and stable fluxes in comparison to the other species. The dimethyl amido compound [Zn(dapki) 2 ] does have a similar onset and flux with respect to the ethoxy species however it has a higher melting point associated with it also. The only unfunctionalised compound [Zn( n pki) 2 ] was found to have the lowest onset but the highest melting point and evaporation rate. Due to the low thermal stability and high evaporation rates of this compound and also [Zn(daeki) 2 ], these compounds might be good candidates for CVD. All compounds are easily synthesised with good yields, are inferentially monomeric, exhibit high thermal stability and are sufficiently volatile making each a viable candidate for ALD or CVD. Their varied oxygen and nitrogen coordination displays a decent agreement between the highly reactive and unstable β-diketiminates and the stable β-diketonates and so allows their reaction with water. The most promising candidate was selected for ALD testing, namely [Zn(eeki) 2 ], where it demonstrated self-saturated, water assisted growth of ZnO with growth rates in the range of 1.3 Å per cycle. The low melting solid compound, in contrast to commercially available precursors, is capable of depositing stoichiometric and polycrystalline ZnO, in a stable manner over a very broad range at high temperatures for ALD, from 175-300°C. The crystallographic orientations of the layers were found to be temperature dependent and go against the literature trend of c-axis dominant ZnO thin films mainly grown using diethyl zinc. UV-Vis measurements revealed that transparency is high in the visible range and exhibits a band gap of 3.29 eV. This precursor, as far as the authors are aware, is the first of its kind to carry out stable high temperature ALD for ZnO above 200°C with good growth rates. It extends the known library of precursors for ZnO while also contributing to MLD and gaseous MOF synthesis by widening the potential organic co-reactants available for the aforementioned procedures with its enlarged temperature window. Preliminary studies in this area are now being investigated within the group.
Experimental Precursor synthesis and characterisation
Syntheses of the ketoimines were carried out via a condensation reaction of acetylacetone with the respective primary amine in diethylether. Spectroscopically pure products were obtained via distillation of the crude product in a vacuum. The subsequent formation of zinc complexes was carried out following a modified procedure reported by Bekermann et al. The diffraction data were processed with CrysAlisPro. 37 An absorption correction based on multiple-scanned reflections was carried out with ABSPACK in CrysAlisPro. The crystal structures were solved by direct methods using SHELXS-97 38 and refined with SHELXLe-2013. 39 The X-ray intensity data of SuperNova diffractometer with an Atlas CCD detector and Cu K α radiation from a microfocus X-ray source with multilayer X-ray optics. Crystal data and details of structure determination can be found in Table 6 . CCDC numbers for the com- 
. After a solution of 29.4 mmol (3 ml) diethylzinc in 100 ml hexane was stirred overnight, 56.2 mmol (10.4 g) N-(3′-dimethylaminopropyl)-2-penten-2-ol-4-imine [H(dapki)] were added via syringe at −20°C. The solution was allowed to heat to room temperature and stirring was continued overnight. The solution was concentrated and the product was crystallised at −20°C. Pale yellow crystals were collected by filtration and dried via vacuum. 
Synthesis of bis(
. After a solution of 29.4 mmol (3 ml) diethylzinc in 150 ml hexane was stirred overnight, 58.8 mmol (10.1 g) N-(2′-ethoxyethyl)-2-penten-2-ol-4-imine [H(eeki)] were added via a syringe at −20°C. The solution was allowed to heat to room temperature and stirring was continued overnight. The solution was concentrated and the product was crystallised at −20°C. Pale yellow needle-like crystals were collected by filtration. The crystals were then washed with cold pentane and dried via vacuum. 
. After a solution of 12.74 mmol (1.3 ml) diethylzinc in 100 ml hexane was stirred overnight, 25.6 mmol (4.72 g) N-(3′-ethoxypropyl)-2-penten-2-ol-4-imine [H(epki)] were added via syringe at −20°C. The solution was allowed to heat to room temperature and afterwards refluxed for 1.5 hours. It was cooled to room temperature and stirring was continued overnight. Hexane was removed and the resulting orange liquid was dried in a vacuum. 
ALD of ZnO
ALD experiments were carried out in an F-120 SAT ALCVD reactor (ASM Microchemistry Ltd) on Si(100) substrates (Siegert Consulting, 2″ diameter). Substrates were rinsed with 2-propanol and sonicated for 30 minutes in water. The 2-propanol and water used were of Baker HPLC analysed quality. The substrates were dried in an argon flow; the native oxide was not removed. The precursor boat was filled inside a glove box, but during the transport to the reactor the precursor was in short contact with air for a maximum time of one minute. Water used as a precursor during depositions was again of Baker HPLC analysed quality. A constant nitrogen flow (alphagaz™ 2, 99.9999%, Air Liquide) was used to transport the precursor into the reactor. Film growth occurred at a pressure of 0-3 mbar for the duration of the process. The ALD growth of ZnO was studied at substrate temperatures ranging from 150 to 300°C using the following standard pulsing sequence (ALD growth cycle): 4 s of zinc precursor pulse, followed by 10 s of nitrogen purge, 4 s of water pulse, and finally 10 s of nitrogen purge.
Thin film characterisation
Thickness measurements were carried out with a Filmetrics F20 system. The crystallinity of the films was investigated by grazing-incidence X-ray diffraction (GI-XRD) analyses using an X′ Pert PRO PANalytical diffractometer (Bragg-Brentano θ − 2θ geometry) with automatical divergence slits, position sensitive detector, continuous mode, room temperature, Cu-Kα radiation, and Ni-filter, in the range of 2θ = 25-50°(step size 0.01°, time per step -1 s). RBS measurements using 2.0 MeV 4He+ ions were performed using an instrument from the Dynamitron Tandem Laboratory (DTL) in Bochum. A beam intensity of about 20-40 nA incident to the sample at a tilt angle of 7°was used. The backscattered particles were measured at an angle of 160°by using a Si detector with a resolution of 16 keV. The stoichiometry of the films was calculated with the program SIMNRA 40 by using the stopping powers of the program SRIM. 41 XPS was performed to investigate the chemical composition of the sample surface (Quantera II, Physical Electronics, Chanhassen, MN, USA) applying a monochromatic Al Kα X-ray source (1486.6 eV) operated at a pass energy of 26 eV and a step size of 0.025 eV for elements of interest and a 224 eV pass energy with a 0.1 eV step size for the survey spectrum. The take-off angle was 45°. The binding energy scale was referenced to the C-C signal at 284.8 eV. The quantitative analysis was carried out with CasaXPS. For interpretation, commonly used online databases were used as starting points (http://www.lasurface.com/accueil/ index.php, http://xpssimplified.com/elements, accessed April 1, 2015 ). An Ar-ion beam was used with an energy of 1 keV 2 × 2 for sputtering for 60 s on a spot size of 200 μm × 200 μm to remove ambient impurities. Ultraviolet-visible (UV/Vis) spectroscopy measurements of the samples deposited on quartz substrates were performed using an Agilent Cary 5000 double beam spectrophotometer, subtracting the substrate contribution. Tauc plots based on the UV/Vis data were used to determine the optical band gap.
